Corneal birefringence is a well-known confounding factor with all polarization-sensitive technology used for retinal scanning and other intraocular assessment. It has been studied extensively in adults, but little is known regarding age-related differences. Specifically, no information is available concerning corneal birefringence in children. For applications that are geared towards children, such as retinal birefringence scanning for strabismus screening purposes, it is important to know the expected range of both corneal retardance and azimuth in pediatric populations. This study investigated central corneal birefringence in children (ages three and above), by means of scanning laser polarimetry (GDx-VCC™, Carl Zeiss Meditec, Inc.). Children's measures of corneal retardance and azimuth were compared with those obtained in adults. As with previous studies in adults, corneal birefringence was found to vary widely in children, with corneal retardance ranging from 10 to 77 nm, and azimuth (slow axis) ranging from −11°to 71°(measured nasally downward). No significant differences in central corneal birefringence were found between children and adults, nor were significant age-related differences found in general. In conclusion, establishing knowledge of the polarization properties of the central cornea in children allows better understanding, exploitation, or bypassing of these effects in new polarization-sensitive pediatric ophthalmic applications.
Introduction
Polarization-sensitive ophthalmic technologies, such as scanning laser polarimetry, 1,2 polarization-sensitive optical coherence tomography, [3] [4] [5] retinal birefringence scanning (RBS), [6] [7] [8] [9] polarimetric blood glucose sensing, 10, 11 are known to be adversely affected by corneal birefringence. 5, [12] [13] [14] [15] [16] [17] [18] [19] Although being relatively constant over the central area for any given eye, 20 corneal birefringence varies widely among individuals and eyes in both its amount (corneal retardance) and orientation (corneal azimuth). 21, 22 Since light must pass through this major birefringent ocular medium before reaching the retina or any other polarization-sensitive structure of interest within the eye, polarization-related changes caused by the cornea must be dealt with.
Corneal birefringence has been studied extensively in adults, [21] [22] [23] [24] and various methods have been proposed to factor out or compensate for it, 2, [12] [13] [14] [15] 25, 26 generally involving a separate measurement and feedback system. However, little is known regarding age-related differences. 22, 27 Specifically, to the best of the authors' knowledge, no information is available concerning corneal birefringence in children.
For technology that is also applicable to children, [28] [29] [30] [31] [32] in particular for applications that are geared towards children such as RBS for strabismus screening purposes, 8, 9, 16 where methods of bypassing corneal birefringence rather than individual compensation are desired, 18 knowledge of the expected range of corneal retardance and azimuth in pediatric populations is essential to understand and allow development of optimal approaches to bypass interference from these variable optical properties.
The purpose of this study was to establish knowledge of the polarization properties of the central corneas in a pediatric population, and compare children's measures of corneal retardance and azimuth with those obtained in adults.
Polarization Properties of the Central Cornea
To understand possible changes of corneal birefringence with age, one must first understand the origin of this birefringence. The cornea is not only the major refractive component of the eye, but it also contributes most to the overall ocular birefringence. The human cornea is composed of five different layers, starting from anterior to posterior: the epithelium, Bowman's layer, the stroma, Descemet's membrane, and the endothelium. Its main constituent is the corneal stroma, which makes up 90% of the entire thickness, and is also responsible for its birefringence. In the central cornea, the stroma is composed of approximately 200-300 lamellae, 33 lying parallel to the corneal surface. 34 Each of the corneal lamellae contains collagen fibrils, closely packed fibers embedded in an optically homogeneous ground substance. 35 The collagen fibers within individual lamellae are parallel, but they have different orientations with adjacent lamellae that are stacked on top of one another. 34, 36 Corneal birefringence is a combination of intrinsic and form birefringence. Intrinsic birefringence has its origin in the optical anisotropy within the collagen fibers, 35, 37 which are composed predominately of type I collagen molecules that are known to exhibit positive uniaxial birefringence. 38 The ordered arrangement of the fibers within individual lamellae, embedded in an isotropic ground substance of different refractive index, produces corneal "form" birefringence, 37 and accounts for more than two-thirds of the total corneal birefringence. 38 Each lamella may be considered as a birefringent plate or linear retarder with its axis of birefringence (slow axis) lying along the direction of the collagen fibers, leading to the simplified consideration of the corneal stroma as a series of stacked birefringent plates, with their slow axes lying at various angles to one another. 33, 39 A slight prevalence of one lamella orientation results in a net amount and axis of birefringence.
Central Cornea During Development
Developmental and age-related changes in the structure of the central cornea, and in particular changes in the structure and thickness of the stroma, are critical to the understanding of the optical behavior of central corneal birefringence with development and aging.
Overall central corneal thickness increases during gestation, 40 and then decreases after birth, from values found in premature 41, 42 and full-term newborns [43] [44] [45] [46] [47] [48] to those found in small children from 2 years of age. 43, 47 Only little or no further change in central corneal thickness is expected thereafter. 49, 50 This is in agreement with Lagrèze's results showing that corneal diameter reaches a plateau at approximately two years of age. 51 Decrease in central corneal thickness is associated with increase of corneal diameter occurring with the general growth of the eye. 42 The most rapid decrease in central corneal thickness occurs in the first days 45, 46 and early months of life, when corneal diameter grows fastest, 52 and then abruptly slows during early childhood. Hymes concluded that the cornea reaches its mean adult size in the period between six months and one year of life. 53 The stroma, in particular, as being responsible for corneal birefringence, increases in thickness from 229 μm at 20 weeks of gestation to 490 μm at six months after birth, at which time the adult thickness (500 μm) has essentially been reached. 40 The collagen lamellae, that are known to be oriented differently in the anterior and posterior part of the stroma, are more vertically oriented in the anterior part in early stages of development. The collagen fibrils, which combine to form the lamellae, are parallel to each other in the same lamellae irrespective of age and location of the lamellae, with their periodic structure already being observed at 20 weeks of gestation. According to Kanai and Kaufmann, the lamellae begin to add to their individual thickness, not to their number, when the cornea has reached one quarter of its adult thickness. 54 The gap between the lamellae is about 16 nm, and remains unchanged during the developmental process. The diameter of the collagen fibrils, however, increases slightly, from 25 nm (20 weeks of gestation) to 33.3 nm (six months after birth), 40 which in turn results in an increase in thickness of collagen lamellae from between 0.5 to 1 μm (20 weeks of gestation) to between 1.5 to 2 μm (six months after birth). The collagen lamellae in an adult corneal stroma have a thickness between 2 to 6 μm, 40 and collagen fibers have an average diameter between 25 and 30 nm. 54 Small structural changes continue to occur with aging. 55 For example, the diameter of collagen fibrils increases, which appears mostly to be due to an increased number of collagen molecules within the fibrils of elderly individuals, and to an expansion of the intermolecular spacing of the collagen fibrils. 56 Further, the cross-sectional area associated with each molecule in corneal collagen increases with age. Over a 90-year time span, there is, on average, an increase in cross-sectional area from approximately 3.04 to 3.46 nm 2 . 57 In contrast, there is a decrease in the interfibrillary distance with age, in accordance with Kanai and Kaufmann, 54 who also observed a greater breakdown of fibers, along with multiple small collagen-free spaces.
Methods
Corneal birefringence was measured with the help of a GDx-VCC instrument (Carl Zeiss Meditec, Inc.), as described previously. 18 The GDx is a commercially available scanning laser polarimeter primarily used for glaucoma diagnostic purposes. It makes use of the linear relationship between the thickness of a birefringent medium and its retardation. 58 By measuring the total retardation of the birefringent retinal nerve fiber layer point by point in a raster pattern, from the change in polarization state in the light retroreflected from the fundus of the eye, a "topographic map" of the nerve fiber thickness in the eye's retina can be created, providing a quantitative method for detecting eye diseases such as glaucoma, which is characterized by loss of nerve fibers in its early state. 2, 59, 60 The variable corneal compensator (VCC) version of the instrument features two identical wave plates in rotary mounts that allow measurement and individual neutralization of corneal birefringence. 12, 13 Corneal birefringence is measured with the magnitude of the VCC set to zero, accomplished by simply rotating both retarders such that their fast axes are perpendicular to each other. Polarimetry images of a normal macula, with no ocular disease, obtained in this "crossed" position demonstrates a non-uniform retardation map with a distinct "bow-tie" pattern about the fovea, representing the retardation of the cornea superimposed onto the retardation of the radially symmetric birefringent Henle fibers about the fovea, from whose orientation the azimuth of the corneal birefringence can be obtained directly. Corneal retardance is determined from the retardation profile around a ∼1.41 mm diameter circle centered on the fovea 12 (about 4.7 deg in visual angle).
Ninety-one subjects, including 47 children (ages three and above) and 48 adults (ages 18 and above), who had no history of corneal or retinal disease, and who had not undergone refractive or cataract surgery, participated in this study, which was approved by The Johns Hopkins University Institutional Review Board and followed the tenets of the Declaration of Helsinki. Prior to the investigations, informed consent was obtained from either the subject or the parent after the nature and possible consequences of the research study were explained. Single-pass corneal retardance and corneal azimuth (measured downward from nasally) were measured in both eyes of the 91 subjects. Only those measurements with a GDx quality score of eight (out of 10) and above were included in the analysis. Therefore, for some subjects only one eye was taken into account for the analysis.
Statistical analysis was performed using commercially available software (SAS, Matlab, Excel). The Shapiro-Wilk test was used to check whether the data were normally distributed (p-value; P > 0.05) or not normally distributed (P < 0.05) and to decide whether parametric or non-parametric statistical test procedures should be used. For normally distributed data, independent t-tests were used to compare mean differences of corneal retardance and corneal azimuth between the eyes, while paired t-tests were used to compare mean differences between paired eyes. For non-normally distributed data, the Wilcoxon rank-sum test was used to compare median differences of corneal retardance and corneal azimuth between the eyes, and between children and adults (because children and adult eyes combined were not normally distributed), while the Wilcoxon signed-rank test was used to compare median differences between paired eyes. A p-value (P) of less than 0.05 was considered statistically significant. Correlations were calculated with Pearson's correlation coefficient (r) and Spearman's correlation coefficient (ρ) for normally and non-normally distributed data, respectively. The relationship of subject age with corneal birefringence was assessed using generalized linear regression and generalized estimating equations (GEE) models.
Results
The corneal retardance in the eyes of the 47 children ranged from 10 to 77 nm (mean AE SD ¼ 39 nm AE 16 nm), and corneal azimuth ranged from −11°to 71°(mean AE SD ¼ 23°AE 17°). Corneal birefringence was normally distributed in both eyes (Shapiro-Wilk test; P ¼ 0.36 for corneal retardance and P ¼ 0.35 for corneal azimuth). The distributions of corneal retardances and corneal azimuths are depicted graphically using histograms in Fig. 1, and box plots in Fig. 2 .
Corneal birefringence was highly correlated between left and right eyes; r ¼ 0.81 for corneal retardance and r ¼ 0.79 for corneal azimuth (P < 0.0001). Corneal retardance was not correlated with corneal azimuth for either eye; r ¼ −0.03 (P ¼ 0.86) for left eye and r ¼ −0.03 (P ¼ 0.87) for right eye. While no significant difference was found for corneal azimuth between eyes [ Fig. 2(a) ; P ¼ 1.00 between all left and right eyes and P ¼ 0.32 between paired eyes], left eye corneal retardance was significantly greater than right eye corneal retardance [ Fig. 2(b) ; P ¼ 0.03 between all left and right eyes and P ¼ 0.0001 between paired eyes, i.e. less than 0.05 significance level].
Corneal retardance and azimuth were measured in the 48 adults to allow assessment of differences between child and adult measures, as well as age-related differences. Adult measures of corneal retardance ranged from 7 to 78 nm (meanAE SD ¼ 39 nm AE 14 nm), and corneal azimuth ranged from −6°t o 51°(mean AE SD ¼ 19°AE 13°).
Unlike with children, adult measures of corneal birefringence were not normally distributed; the distribution of corneal retardances was close to normal (Shapiro-Wilk test; P ¼ 0.05 for corneal retardance and P ¼ 0.04 for corneal azimuth). As with children, corneal birefringence was highly correlated between left and right eyes; ρ ¼ 0.73 for corneal retardance and ρ ¼ 0.84 for corneal azimuth (P < 0.0001). While corneal retardance was not correlated with corneal azimuth for right eyes (ρ ¼ −0.08, P ¼ 0.62), a low correlation between corneal retardance and corneal azimuth was found in left eyes (ρ ¼ −0.30, P ¼ 0.04), in that weaker corneal retardance was associated with more nasally downward corneal azimuths. As with children, no significant difference was found for corneal azimuth between eyes (P ¼ 0.95 between paired eyes and P ¼ 0.93 between all left and right eyes), whereas left eye corneal retardance was significantly greater than right eye corneal retardance between paired eyes (P ¼ 0.01), and marginally significant between all left and right eyes (P ¼ 0.07).
No significant differences in central corneal birefringence were found between children and adults, either with the Wilcoxon rank-sum test or with GEE which were used to take the correlation between two eyes for the same subject into account: 
Discussion and Conclusion
In accordance with previous studies in adults, [21] [22] [23] our results in children show that corneal birefringence varies widely in both its amount and orientation from one eye to the next.
Our results in adults are similar to those previously reported. 21, 22 In our study, however, the distribution of adult eyes was not normal (close to normal for corneal retardance; P ¼ 0.05). Similar to Knighton and Huang 21 who found a correlation between corneal retardance and corneal azimuth (r ¼ 0.37 for left eyes and r ¼ 0.59 for right eyes; P < 0.002), in that weaker corneal retardance was associated with more nasally downward corneal azimuths, we observed this relationship in left eyes (ρ ¼ −0.30, P ¼ 0.04) but not in right eyes (ρ ¼ −0.08, P ¼ 0.62) in our study.
Statistical analysis suggests that there is no significant difference in either corneal retardance or azimuth between children (ages three and above) and adults, and no significant age-related differences in general. This is in accord with the literature available on structural changes of the central cornea with development and aging. Although substantial changes in central corneal thickness occur in infancy and in very early childhood, the structure of the central cornea, and in particular the structure and thickness of the stroma, which give rise to corneal birefringence from the lamellar-arranged collagen fibers, essentially reach adult values at about six months after birth, 40 with only small structural changes occurring thereafter. 56 This explains why no significant differences in central corneal birefringence were observed between children and adults. We did, however, find a significant difference between right and left eye corneal retardance, in that the left eye corneal retardance was significantly greater than that of the right eye. Levy, et al., were first to report such an intraocular difference in adults, 61 and attributed this difference in retardance as being an artifact due to the inherent asymmetry between right and left eye measurement with the GDx-VCC, resulting in a more nasal measurement of corneal retardance in the left eye where the Henle fiber layer appears to be thicker 62, 63 and a more temporal measurement in the right eye.
In conclusion, this study, for the first time, investigated the birefringence of the central cornea in children. Our results suggest that there are no significant differences in central corneal birefringence between children and adults, in accord with available literature on developmental and age-related changes of the central cornea. Expanding our knowledge of the polarization properties of the central cornea to a larger range of the population, including children, allows better understanding, exploitation, or bypassing of these effects in new polarization-sensitive ophthalmic technology.
